Introduction
The cyanide ion is extremely harmful for humans and almost all other forms of life. A concentration between 0.5 and 3.5 mg per kg of body weight is lethal to humans depending strongly on the form of exposure, absorption and distribution. [1, 2] The toxicity originates from the binding to cytochrome oxidase that inhibits the mitochondrial electron-transport chain. [3] Nevertheless, cyanide is produced in large quantities for different industrial applications like the production of organic chemicals and polymers, the gold extraction process or electroplating. [4] Accidental cyanide release presents great danger for the environment. The disastrous spill of millions of litres of cyanide waste in Romania in 2000 is considered as the worst case of water pollution in Europe ever. [5] On the other hand, cyanide is widespread in nature, e.g. in the form of cyanogenic glycosides in plants like almonds, flax seed, bamboo shoots and cassava. [6] The latter food is one of the most important carbohydrate sources for about 500 million people in the tropical belt. [7] In its raw form it cannot be consumed since cyanide concentrations can reach levels of up to several hundreds of milligrams per kilogram. [1] Therefore it is necessary to safely monitor and remove this dangerous anion either in industrial wastewater, after accidental release or during food production. Since the first report on the argentometric determination of cyanide by von Liebig in 1851, [8] many different detection methods including electrometric, [9] [10] [11] fluorometric [12, 13] and chromatographic techniques [14] have been established. Drawbacks are either the laborious multistep sample pretreatment, the use of special reaction conditions as well as the low tolerance towards the presence of other anions. In addition, most of these methods are time consuming and need expensive and bulky laboratory systems. Therefore, a cheap sensor available to anyone, especially also in the developing countries would be highly desirable. Such a system should detect cyanide below the maximum permissible level in drinking-water of 1.7 μM set by the World Health Organisation. [1] Moreover, the detection system should be easy to handle and the results readily understood in form of an absolute yes-no selectivity.
Recently, the development of chemosensors for the selective recognition of anions has attracted much attention. [15] [16] [17] [18] [19] [20] Ideally, these systems show a colour change in the presence of the target molecule which is easily detectable with the 'nakedeye'. [21] [22] [23] [24] For cyanide sensing, their mode of action is based on hydrogen bonding, [25, 26] bond-forming reactions between either the nucleophilic cyanide and an electrophilic carbon [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] or boron centre [12, [37] [38] [39] or metal coordination [40] [41] [42] [43] (Scheme 1). Progress is observed for all of these different systems, but a sensor that meets all of following three criteria has not yet been synthesized: i) optical detection below the maximum permissible level of cyanide in drinking water (1.7 μM); ii) demonstrating a fast and unambiguous response in pure water (<5 sec) without the need for special reaction conditions or sample pre-treatment; iii) displaying high selectivity in the presence of other anions. This short-review focuses on the recent advances in the colorimetric detection of cyanide. Approaches like the application of CdS quantum dots [44, 45] or luminescence lifetime measurements [13, 26, 46] will not be discussed here. The interested reader is referred to a comprehensive overview including other detection methods and historical developments by Singh et al. published in 1986. [47] 
Sensors Based on Hydrogen Bonding
One important class of receptors for the selective recognition and sensing of anions is based on hydrogen bonding interactions between the receptor and the target molecule. [20] These receptors are designed to differentiate between the characteristic hydrogen bond donor-acceptor geometries of their guests. Although very elegant in their design, these receptors are often restricted to organic solvents since only small amounts of water can effectively compete for the binding side.
The recognition of cyanide using hydrogen bonds is rare and only a few examples of receptors have been reported in the literature. [25, 26] It has been demonstrated that certain aromatic chromophores with at least one hydrogen bonding donor moiety show a bathochromic shift in the presence of a 100-fold excess of cyanide (10 mM). The sensors are simple aniline derivatives like 1 (Scheme 1) or commercial available indicators, dyes or stains. In the 'off-the-shelf' approach, [25] the observed colour change is addressed to the formation of a charge-transfer complex between the anion and the receptor molecule. Unfortunately, these 'prototypes' are rather unselective and the specific detection of a target anion following this approach has still to be demonstrated.
Organic-based Sensors
Picric acid [48, 49] and the König synthesis [50, 51] have been widely used for the spectrophotometric determination of cyanide. The former reagent is still the method of choice for the detection of cyanide in cassava [52, 53] or the ferment of cyanogenic bacteria, [54] but the toxicity and explosiveness of the reagent as well as the slow colorimetric response would make a substitution highly desirable.
Reaction-based sensors take advantage of a colour change after the reaction of nucleophilic cyanide with an electrophilic functional group of an organic chromophore.
In 2005, Raymo et al. applied the cyanide-induced ring opening of a chromogenic [1, 3] oxazine to 4-nitrophenylazophenolate for cyanide detection (Scheme 2A). [28] A colour change from yellow to violet (λ max = 381 nm to λ max = 581nm) was observed after the addition of 10 mM cyanide in an acetonitrile-water mixture with no interference of common halides like F . It has been demonstrated that the UV-vis detection of μM cyanide is possible under special biphasic conditions, whereas the sensitivity of this sensor is strongly pHdependant due to the protonation of the phenolate chromophore.
The addition of cyanide to the 9-position of an acridinium salt followed by oxidation with O 2 to an acridone induces a large decrease in fluorescence intensity and a colour change from yellow to pale blue (Scheme 2B). [29] Fluorescence and colorimetric monitoring of micromolar cyanide in the presence of fourteen different anions has been observed in DMSOwater, but elevated temperature (50 °C for 10 min) is required and the sensitivity is significantly reduced in the presence of water.
Other nucleophilic addition reactions have been explored including the reaction of cyanide to pyrylium, [30] squarane [31] and either trifluoroacetophenone [32] or trifluoroacetamide derivatives. [33, 34] The latter ones are readily prepared from commercial available starting materials and allow the optical detection of μM cyanide in acetonitrile-water mixtures. Varying amounts of water (0-10%) have a strong influence on the sensitivity and selectivity of a trifluoracetamide modified organic chromophore (Scheme 2C). This has been explained by the strength of hydration that alters the nucleophilicity of the different anions in an aqueous environment. [33] Sessler et al. explored the benzil-rearrangement and the benzil-cyanide reaction for cyanide detection. [27, 36, 55] Both reactions proceed via the same intermediate to either a rearranged product in aprotic solvents or after cleavage in protic solvents to the corresponding benzaldehyde and benzoate ester. Especially the latter reaction, the socalled benzil-cyanide reaction seems to be very attractive since only catalytic amounts of cyanide are potentially required to trigger the reaction (Scheme 2D).
During both types of reactions a change in the conjugated π-system results in a visible colour change.
In aprotic solvents, a blue shift (Δλ max = 56 nm) from yellow to colourless was observed after one minute and the addition of 3 equiv. of cyanide to the sensor (2.13 × 10 -5 M). Since the product of the benzil- 1), [25] organic-based sensor (2), [28] boron-based sensor (3) [38] and metal-based sensor (4). Cyanide mediated reactions with organic-based sensors (A, [28] B, [29] C, [33] D [27] ).
tection of hydrated cyanide under biphasic conditions. [42] A cyanide-bridged heterobimetallic Ru(ii)-Cu(ii) donor-acceptor complex is cleaved after the addition of cyanide, which results in a blue shift (Δλ max = 16 nm) and a colour change from green to orange. A significant enhancement of luminescence of the liberated Ru(ii)-cyano complex is observed with a detection limit of 1.2 μM in aqueous DMF. The specificity towards cyanide can be explained by the higher thermodynamic stability of the Cu(ii) complex to cyanide than to the Ru(ii) donor moiety of the sensor assembly. [41] In 2008, the decomplexation of a Cu(ii) zincon (2-carboxy-2'-hydroxy-5'-sulfoformazylbenzene) complex was applied for cyanide sensing (Scheme 4). [43] The demetalation of the complex can be followed by a blue shift of the absorption maximum (Δλ max = 137 nm) and a colour change from blue to yellow. Following this approach, as low as 20 μM cyanide can be detected with the 'naked-eye' in pure water. Only μM fluoride interferes, probably due to the coordination to a pentacoordinated Cu(ii) complex. It must be noted here that the reaction between redox-active Cu(ii) and cyanide could lead to the formation of highly toxic dicyan gas. [58] Therefore, another suitable redox-inactive metal ion should be chosen as an alternative.
The absorption spectra of metalloporphyrins and corrinoids is strongly dependant on the nature of additional axial ligands, [59, 60] and this has led to the development of different detection methods for rearrangement is fluorescent, the limit of detection with an ordinary laboratory UV lamp is as low as 20 μM in organic solutions. [36] The benzil reaction leads to a remarkable enhanced cyanide sensitivity (Scheme 2D). [27] The reaction occurs in methanolwater mixtures, but the addition of base (NaOH, 5 mM) is necessary for the reaction to be completed within a reasonable time. A blue shift in the absorption spectra maximum (Δλ max = 43 nm) is observed after C-C bond breakage and is reflected in a colour change from yellow to colourless. A limit of detection of less than 1.7 μM can be obtained with simple 'naked-eye' detection with no interference of various competing anions. Drawbacks of this system are still the need of organic co-solvents, the addition of base and the relatively long reaction time between 10 and 60 min.
Sensors Based on Boron Coordination
Electron-deficient Lewis acids can saturate their electronic demand through anion coordination. This has led to the development of a variety of different chelating receptors and sensors based on threecoordinated boron species. [20] Boronic acid derivatives have been successfully applied in the fluorometric sensing of micromolar aqueous cyanide, [12] whereas fluorescent triarylborane polymers probe micromolar cyanide in organic solvents. [37] Recently, Gabbai et al. applied two isomeric cationic ammonium boron derivatives for the selective recognition of either cyanide or fluoride ions in water (Scheme 3E). [38] Although both receptors show no selectivity in organic solvents, selective binding of either cyanide or fluoride to the corresponding para-cyanoborate or ortho-fluoroborate ammonium zwitterions has been observed in aqueous solutions. Computational studies underscore the importance of electronic and steric effects of the ammonium groups for the observed selectivity in water. Fluorescence detection of 5 μM cyanide with an ordinary laboratory UV lamp has been communicated in water-methanol 90:10 (v/v).
A two-component system composed of ferrocene-functionalised borane derivatives and an redox-active dye can be applied for the detection of cyanide and fluoride in organic solvents (Scheme 3F). [39] The anion binding to the Lewis acidic borane centre induces a cathodic shift of the ferrocene moiety between -300 and -600 mV that reduces a tetrazolium redoxactive dye. Depending on the system, the visual detection of 25-40 nmol cyanide has been reported. Moreover, fine-tuning of the receptor-dye system can be easily obtained by the combination of an appropriate ferrocene-modified Lewis acid and a suitable redox-active dye. Following this strategy, the selective recognition of fluoride over cyanide with a weak Lewis acidic stilbene diolate boronic ester receptor has been achieved. The authors explain the observed selectivity with the relatively high B-F bond strength. [39] 
Sensors Based on Transitionmetal Coordination
Transition metal cyanide chemistry dates back to 1704 when the artist Diesenbach discovered accidentally Prussian Blue. The high affinity of cyanide to transition metals has led to numerous metal complexes with different bonding and structural motifs and a broad spectrum of different applications. [56] The formation of coloured water-insoluble cyano-metal complexes has already led to the development of a variety of different spot tests, [47] that can detect as low as 8 μM cyanide. [57] Drawbacks are the interference with various different anions as well as the timeconsuming sample preparation and/or slow colorimetric response. A short time ago, different research groups have applied novel transition metal-based receptors to overcome these limitations. [11] A Zn-porphyrin-crown ether conjugate facilitates the ditopic recognition of NaCN in aprotic organic solvents accompanied by a colour change from red to green. Although selective in organic solvents, the sensor shows a low sensitivity for the de- Cyanide detection with boron-based sensors (E, [38] F [39] ). 
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Scheme 4. Proposed mechanism for the conversion of zincon (5) with Cu(ii) and cyanide. [43] cyanide. [40, [61] [62] [63] [64] Bachas et al. incorporated aquocyanocobinamide 6 into fibre-optic chemical sensors (FOCS) and detected after generation of HCN under acidic conditions and diffusion through a membrane as low as 10 μM cyanide within 2 min and no interference of different anions (Scheme 5). [62] Aquocyano-cobester 7 (Scheme 5) [64] and solid-support bound aquocyano-Co(iii) corrinoids [65] are highly sensitive and selective probes for the spectrophotometric detection of cyanide. A detection limit of 0.8 μM cyanide in water at pH 9.5 has been reported with compound 7. [64] We assume that a mixture of different isomers was applied in these experiments, since we observed in our studies the hydrolysis of the methylester functionalities of 7 under the reported conditions. [66] We communicated recently the optical detection of millimolar cyanide in water at pH 7.5 with commercial available vitamin B 12 . [40] The mode of operation is controlled by the natural benzimidazole trigger of being able to switch between different conformations (Scheme 6). [67] A switch from the 'base on' form to the negatively charged 'base off' form of B 12 is observed after cyanide coordination that results in a bathochromic shift (Δλ max = 30 nm) and can be followed by a colour change from red to violet. We assume that the high thermodynamic stability of Co(iii)-cyano complexes is the driving force for the substitution of the intramolecularly bound dimethylbenzimidazole base. Other anions are not nucleophilic enough to replace the strongly coordinated base (pk a (H-vitamin B12 + ) = 0.1; with protonation at the dimethylbenzimidazole nitrogen N(3)) in water ( Fig. 1,  2) . [68] In various competition experiments it was demonstrated that up to twelve different anions as well as a 1000-fold excess of Cl -over CN -do not interfere with the sensor. Unfortunately, only millimolar concentrations of cyanide can be detected at neutral pH and the reaction time of 10 min at room temperature has to be improved. Momentarily, we are attempting to develop modified corrinoids that overcome these limitations in the near future.
Summary and Perspectives
Since the first report in 1851, the development of receptors and sensors for the detection of cyanide is an active ongoing research area in organic, main group and transition metal chemistry. In the last decade, impressive progress has been observed for the development of novel sensors displaying a simple yes-no selectivity in form of a colorimetric response. In any of the different approaches either the selectivity, sensitivity or the tolerance towards water has been significantly improved. Never- [40] 6, [62] 7 [64] ). theless, none of these systems seems to be perfect yet and do not meet the three criteria of sensitivity, selectivity and straightforwardness discussed in the introduction. Far more work is certainly needed for the development of a simple, fast, cheap and reliable detection system.
